The anterior temporal lobes (ATL) have become a key brain region of interest in cognitive 2 and clinical neuroscience. Contemporary explorations are founded upon neuropsychological 3 investigations of semantic dementia (SD) that describe the patients' selective semantic 4 impairment and the variations in their language, behavioural and face recognition abilities. 5 The purpose of this investigation was to generate a single unified model which captures the 6 known cognitive-behavioural variations in SD, and integrates with the considerable database 7 on healthy semantic function and other patient groups. A new analytical approach was able to 8 capture the graded neuropsychological differences and map these to the patients' distribution 9 of frontotemporal atrophy. Multiple regression and principal component analyses confirmed 10 that the degree of generalised semantic impairment was related to the patients' total, bilateral 11 ATL atrophy. Verbal production and word-finding abilities were related to total ATL atrophy 12 as well as to the balance of left>right ATL atrophy. Behavioural apathy was found to relate 13 positively to the degree of orbitofrontal atrophy and negatively to total temporal volumes. 14 Disinhibited behaviour was related to right ATL and orbitofrontal atrophy and face 15 recognition to right ATL volumes. Rather than positing mutually-exclusive sub-categories, 16 the data-driven model repositions semantics, language, social behaviour and face recognition 17 into a continuous frontotemporal neurocognitive space. 18 19 Keywords: semantic dementia, anterior temporal lobe, principle component analysis, 20 laterality, graded model 21 22 Recent years have shown a considerable increase of interest in the cognitive and 2 behavioural functions of the anterior temporal lobes (ATL). This heightened attention on the 3 ATL is founded upon the unique insights that arise from detailed neuropsychological and 4 neurological investigations of semantic dementia (SD; the temporal-variant of frontotemporal 5 dementia) 1-5 . These findings have, in turn, inspired cognitive neuroscience explorations of the 6 contribution of the ATL to semantic representation in healthy participants 6-10 , comparative 7 studies across different patient groups with impaired semantic performance 11-16 and formal 8 neuroanatomically-constrained computational models of semantic cognition 17-21 . The purpose 9 of this investigation was to go beyond these descriptions to generate, for the first time, a 10 unified neurocognitive model of ATL function which captures the known 11 cognitive-behavioural variations across SD, maps these to the underlying patterns of atrophy, 12 and integrates with the considerable database on the graded bilateral ATL contributions to 13 healthy semantic function 22 and semantic impairment in other patient groups 23 . In doing so, 14 this approach accommodates the facts that: (a) there are not mutually-exclusive subtypes of 15 SD but rather gradely-varying patterns of cognitive-behavioural presentation; (b) SD is a part 16 of the frontotemporal dementia (FTD) spectrum; (c) the cognitive-behavioural deficits reflect 17 not only the balance of left vs. right ATL atrophy but also the total temporal lobe atrophy and 18 its extension to insular and orbitofrontal cortex (OFC); and (d) semantic representation in 19
Introduction 1 impairment with bilateral ATL atrophy is consistent with the hypothesis that semantic 1 memory is underpinned by a bilaterally-distributed representational system 20,23 . This notion is 2 also supported by data from: (i) patients with unilateral ATL damage (who have mild 3 semantic impairment after left or right resection) 15 ; (ii) bilateral ATL resection in non-human 4 primates 43,44 and a single-case human study 45in which initial unilateral resection generated 5 a mild multimodal semantic impairment and then subsequent contralateral ATL resection led 6 to a profound deficit; (iii) results from ATL repetitive transcranial magnetic stimulation 7 (rTMS) in healthy participants (which generates a transient, selective multimodal semantic 8 deficit after left or right ATL stimulation) 46 and, (iv) fMRI investigations of semantic 9 processing in healthy participants using methods that correct or minimise ATL-related 10 distortion artefacts and other methodological limitations (which show bilateral ATL 11 engagement by semantic tasks particularly in ventral and lateral regions) 8, 22, 47 . 12 A second related SD sample is of those patients who present early with predominantly left 13 ATL atrophy. The clinical presentation is dominated by the patients' profound anomia 14 accompanied by a mild comprehension deficit 17, 36 . Again this pattern in SD has direct 15 parallels in other patient groups and in healthy participants: (i) patients with left ATL 16 damage/resection are significantly more anomic than their right counterparts 15,48-50 ; (ii) fMRI 17 studies involving speech production (covert or overt) lead to greater left than right ATL 18 activations 22 ; and (iii) rTMS has a larger effect on picture naming after left than right ATL 19 stimulation 51 . Two hypotheses have been proposed to explain these data: (a) the left ATL 20 houses lexical representations that support semantically-driven speech production 48,49 ; or (b) 21 that the bilateral ATL-hub semantic system connects to left-lateralised prefrontal speech 22 production systems from the left ATL 17, 20 . Whilst both theories explain the differential 1 anomia of left-ATL patients, the second approach is able to accommodate a range of 2 additional findings, including some of those already noted above: (i) there are graded rather 3 than absolute differences between left and right ATL cases/function; (ii) right unilateral ATL 4 patients have some degree of anomia; (iii) careful examination of early L>R SD cases reveals 5 mild deficits in verbal and nonverbal comprehension; (iv) the left ATL is activated in healthy 6 participants for the same types of verbal and nonverbal comprehension tasks, and are 7 compromised after rTMS. 8 The third SD sample relates to those patients with greater right ATL atrophy. Early 9 presentation with predominantly right ATL atrophy is the least common in most clinics 10 though the literature contains some notable single case studies and small case-series 52-58 . 11 Studies have tended to focus on one of two phenomena. Many of the very early, 12 predominantly right ATL cases show visual recognition deficits for familiar people, followed 13 with progression (see the final section of the Results) to anomia, generalised multimodal 14 person semantic deficits and ultimately the generalised semantic impairment associated with 15 SD 53, 55 . A second sub-literature relates to the social and behavioural impairments observed in 16 SD, which have been associated more with the R>L patients 40,58-61 . An important question to 17 resolve is how face recognition deficits and social-behavioural impairments fit with the other 18 aspects of SD. Indeed, reaching a correct interpretation and unified model of SD is 19 challenged by three facts: (a) the L>R patients also have behavioural changes when this is 20 formally assessed 60 as well as poor semantic knowledge about people (which might reflect 21 the longstanding and well-established fact that specific-level concepts are more vulnerable to 22 semantic degradation as observed in patients and formal computational models) 1,18,34 ; (b) 1 healthy participants activate superior and ventral ATL regions, bilaterally, when making 2 social concept judgements 62-64 and exhibit transient impairments when the left or right ATL is 3 stimulated 65-67 ; and (c) R>L patients atrophy tend to have more atrophy overall not only in 4 bilateral temporal regions but also extending to OFC 60,61,68,69 , which is known to be a 5 behavioural-related region 70, 71 . Even one seminal study that matched pairs of left-and 6 right-dominant cases for overall temporal atrophy found remaining differences in frontal 7 atrophy 72 .
8
The aim of the current study, therefore, was to generate a data-driven, joint 9 cognitive-neuroanatomical framework which assimilates these three clinical variations into a 10 unified model and to test if the results align with those from contrastive patients (particularly 11 those with unilateral ATL damage) and healthy participants. A recent 12 computationally-informed theory suggests that semantic representations are supported by a 13 bilateral ATL system which engages with multiple, distributed sources of verbal and sensory 14 engrams to form coherent, generalizable concepts 23,50 . Graded variations in function both 15 within (e.g., dorsal vs. ventral) and between (left vs. right) the ATLs emerge as a natural 16 consequence of differential connectivity to input and output systems 17,20,22,73,74 . For example, 17 the heavy engagement of the left ATL in speech production 15,49,51,75 follows from 18 connectivity to the strongly left-lateralised speech production systems 76 . 19 The unified model was generated in two steps. The first was to use multiple regression to 20 explore the relationship between the primary symptoms of SD and the integrity of key 21 frontotemporal regions. The use of multiple regression allows for shared variance in the 22 distribution of atrophy and behaviours across patients to be modelled and separated. In the 1 second step we utilised a data-driven approachnamely, to use principal component analysis 2 (PCA) with varimax rotation to explore the underlying, graded dimensions of variation in the 3 patients' neuropsychological and social-behavioural data. This approach dispenses with a 4 search for mutually-exclusive categories (which may not exist) and, instead, assumes that the 5 patients vary in graded ways across one or more underlying dimensions 70,77,78 . Then the factor 6 scores (rather than individual test scores) are related to the patients' pattern of underpinning 7 atrophy (whole-brain analyses). This PCA plus voxel-symptom mapping has been 8 successfully applied by multiple independent research groups to post-stroke aphasia data, 9 leading to consistent patterns of behavioural dimensions and neural correlates across different 10 patient samples and assessment batteries 77-82 as well as one recent exploration of impulsivity 11 and apathy in frontotemporal lobar syndromes 70 . Accordingly, we extended the same 
Results

16
The demographic, neuropsychological and behavioural profiles of SD patients 17 Table 1 summarises the demographic, neuropsychological and behavioural information 18 pertaining to the SD patients. Patients were matched to the healthy controls in terms of age, 19 gender and education years (p values > 0.07). As expected, SD patients presented with 20 impairments of object and face semantics, visual perception and general cognitive ability (p 21 values < 0.001) except for the preservation of visual object perception of right SD patients (p 22 1 symptoms included apathy (70%), irritability (59%), agitation (56%), anxiety (56%), 2 depression (52%), and disinhibition (44%). With regard to cognitive and behavioural 3 differences between left and right SD patients, left SD patients performed better on word 4 picture verification of faces (p = 0.009), while right SD patients had better performance on 5 visual object perception and picture naming of objects (p values < 0.002). The distribution and balance of atrophy in this SD sample was typical of those reported by 2 other research groups. Specifically, the voxel-based analysis revealed that both left and right 3 SD patients had marked atrophy in the bilateral temporal lobes, insula and OFC (see Figure   4 1a & b). When directly comparing the two SD subgroups, right SD showed more atrophy in 5 the right temporal lobe, insula and OFC, while additional atrophy in the left SD subgroup was 6 mainly restricted to the left temporal lobe (see Figure 1c ).
7
As noted in the Introduction, simple comparison of left and right SD patients is 8 complicated by the fact that other potentially important differences occur across the groups. 9 In keeping with previous reports 60,68 , the ROI analysis confirmed: (1) atrophy for the SD 10 patient group as a whole was found in bilateral ATL and OFC relative to controls (p values < 11 0.001; see Table 1 ); and (2) comparison between left and right SD revealed that the right SD 12 patients had more atrophy to both ATLs (p = 0.01) and OFC (p = 0.006; see Table 1 ). This is 13 important for interpretation of any cognitive or behavioural differences between left and right 14 SD patients for two reasons: (A) the right SD patients were neuroanatomically more severe Figure 1e ). Accordingly, rather than using a simple left-right binary division of 4 SD cases, we adopted new statistical approaches which take into account not only the 5 laterality but also total temporal and OFC atrophy. In the first step we used simultaneous 6 regression (to map these anatomical measures to the cognitive and behavioural results) and 7 then we utilised PCA to establish the underlying dimensions of behavioural variation in the 8 SD sample and explored their relationship to the atrophy distributions. The relationships between atrophy measures and task performance 9 Simultaneous regression analyses were conducted using the three ROI atrophy measures to 10 predict each task. As shown in Table 2 , for two word-picture verification tasks, the sum of = 0.48, p = 0.02). Regarding the NPI measures, only anxiety and apathy showed significant 17 relationship with the atrophy measures (it may be important to note that agitation, depression, 18 disinhibition and irritability were rated as 0 or 1 for the vast majority of the SD participants 19 and thus there is a ceiling effect for these behavioural measures). Anxiety levels exhibited a 20 significant negative relationship (b = -0.49, p = 0.03) with total ATL atrophy (perhaps 21 reflecting heightened anxiety with the onset and diagnosis of the disease). Apathy was 22 positively related to OFC atrophy (b = 0.59, p = 0.01) yet negatively with the sum of ATL (b 1 = -0.48, p = 0.03). This would imply that, in the context of SD being a more temporal than 2 frontal variant frontotemporal dementia, those cases with more balanced OFC and ATL 3 atrophy are the most likely to demonstrate apathy. thus we refer to this factor as "apathy". Factor 2 accounted for 20% of the variance. High 10 loadings on Factor 2 were found for the visual aspects of face recognition (rather than 11 semantics more generally) in the form of face matching (0.84) and face verification (0.84) -12 thus we refer to this as the "face" factor. Factor 3 (variance = 16%) was interpreted as The relationship between atrophy and PCA factors 5 In the first symptom-atrophy mapping analysis, we used the three ROI variables in a 6 multiple regression to predict the five PCA scores (as had been done for the individual test 7 scores, see above). As shown in Table 2 , the factor 'SD severity' were predicted by the sum volumes showed significant effects for the 'naming' factor (b values > 0.53, p values < 10 0.001). None of the ROI variables was significantly related to the 'disinhibition', 'apathy' 11 and 'face' factors.
Rather than limit the symptom-atrophy mapping to the ROI regions alone, in the second 1 investigation we utilised voxel-based correlation mapping (VBCM) to provide a whole-brain 2 analysis. These results replicated those found in the ROI-based analysis but also revealed 3 additional areas of interest (see the lower panels in Figure 2 & Table 3 ). The SD severity related to the inhibition factor. The apathy factor was associated with the atrophy of bilateral 10 medial frontal cortex only. Finally, the face recognition factor was related to various areas 11 within the right temporal lobe, insula and bilateral medial frontal lobes. Only positive clusters were reported. Cluster size > 50 voxels. highly correlated with the face factor (r values > 0.37, p values < 0.02; see Figure 3 ). Further 5 validation analyses are reported in the supplementary materials, which revealed that this 6 result for face ROIs was specific to face but not object processing, specific to SD patients but 7 not normal controls, and only to right-sided but not the corresponding left homologues. not only to interpolate within the existing data but, more challengingly, to extrapolate to 10 regions of the space for which there were no data. As noted above, like many other SD group 11 samples, there were no patients with very mild predominantly right ATL atrophy.
12
Extrapolating from the existing model, the presentation of very early right ATL-only patients approach was able to capture the graded neuropsychological differences and map these to the 13 patients' distribution of frontotemporal atrophy. As expected from previous descriptions of 14 SD 2 , the multiple regression analyses confirmed that the degree of generalised semantic 15 impairment (across various verbal and nonverbal semantic tasks) was related to the patients' 16 total, bilateral ATL atrophy. Verbal production and word-finding abilities were also related to 17 total ATL atrophy as well as to the balance of left>right ATL atrophyreflecting the 18 enhanced importance of left ATL regions to speech production (see below). Behavioural 19 apathy was found to relate positively to the degree of orbitofrontal atrophy and negatively to 20 total temporal volumes (i.e., those patients with a more frontotemporal balance of atrophy in 21 the context of a SD temporal-variant, selected group). The data-driven PCA replicated and 22 extended these findings by identifying five statistically independent behavioural factors and 1 their unique atrophy correlates. A generalised severity factor was related to increased atrophy 2 around the perimeter of the frontotemporal regions implicated in SD. Again, naming was 3 uniquely correlated with the degree of left ATL atrophy and apathy to medial OFC volumes.
4
In addition, disinhibited behaviour was uniquely correlated with right dorsal STG and OFC 5 atrophy and face recognition to right ATL volumes. participants, there is both upregulation of activity in the right ATL and increased 20 intrahemispheric functional connectivity) 64,88 .
21
The second 'ingredient' of semantic dementia is anomia, which is probably the most 1 common, presenting symptom. In keeping with previous explorations 17,89,90 , the patients' 2 anomia was found not only to be related to the degree of general semantic impairment Again, this finding aligns with the results from patients with unilateral right ATL resection 17 who have also been shown to demonstrate greater deficits of visual recognition of familiar 18 people 87,94 . Furthermore, the progression of rare, early right ATL semantic dementia patients 19 (see Table 4 ) fits with this result; in the very earliest stage (which is long before most 20 right>left SD present to clinic), right-only SD patients are reported to have visual 21 prosopagnosia (i.e., poor recognition from faces with good semantic knowledge of the same 22 people when probed from another input modality) which later develops into a generalised 1 semantic impairment and anomia, presumably when bilateral ATL pathology has begun to 2 evolve. It is possible that the differential right>left ATL involvement in face recognition may 3 again reflect differential connectivity 22,87 . It is well established that there is a strong 4 asymmetry in ventral occipital-temporal regions for different visual objects, with face 5 processing exhibiting a rightward bias (the face-form area 95 ) and the opposite for word 6 recognition (the visual word-form area 96 ). Accordingly, extending the logic and 7 computational demonstrations for the effect of differential connectivity on function 17,20,73 , 8 atrophy of right ATL regions might impact much earlier than left ATL atrophy on face 9 recognition because there is strongest visual face input to this part of the 10 bilaterally-distributed semantic system. It is also possible, that, atrophy extends posteriorly 11 into the FFA and other parts of the right-lateralised extended face processing network 97-100 . In 12 our further analysis, the face deficits of SD were found to be correlated with the level of 13 atrophy in all of the nodes in this network. 
22
(c) there is direct evidence to suggest that the right dorsal STG and OFC plays a crucial role 1 in a disinhibition network and connects with other regions relaetd to disinhibtion 2 processing 105-108 . One benefit of using the regression and PCA methods is that it is possible to 3 unpick the covariation of atrophy across frontotemporal regions in SD patients, and thus 4 localise more precisely to the small area of right dorsal STG and OFC compared with the 5 widespread face-related area of the right temporal lobe. Consistent with this hypothesis, more 6 early right SD cases (see Table 4 ) are reported to behave entirely appropriately on 7 disinhibition, though behavioural deficits can be found in some cases, whose atrophy may 8 start from the superior part of the right dorsal STG. The final dimension related to negative behaviours (i.e. apathy, depression and anxiety).
5
Apathy is a principal symptom of behavioural variant FTD 103,109 . As a variant of FTD, SD 6 patients can also show apathy but typically less often than behavioural variant FTD 4,104 . We 7 found that this factor was associated with the patients' OFC volume and negatively with 8 atrophy in the ATLsi.e., those SD patients who had relatively more OFC than ATL damage. 9 This aligns directly with previous studies which have shown a relationship between apathy 10 and OFC in FTD patients 71, 103 . We note that some previous investigations have observed 11 more severe apathy in right>left SD patients 102 . Presumably this might reflect the fact that, as Face naming was identical to the object naming, except only one category (20 photographs of 8 famous faces) was presented. All the photographs of famous people were black-and-white. 9 The famous people were Chinese actresses or actors, politicians, and players. In each trial, a picture and word were presented on the screen and participants were asked 13 to judge whether they were the same object or famous person. In one condition the picture 14 and word matched. In the other, the word was replaced with the name of another exemplar 15 from the same category. The match and mismatch conditions were counterbalanced across 16 two assessment sessions with each item only appearing once per session. Only if participants 17 answered correctly in both conditions (i.e., accepting the correct name and rejecting the 18 semantic foil) was the item scored as correct. The stimuli and categories used in this test were 19 the same as for picture naming, but there were only 10 items per category. The word 20 frequency of items was also matched between five object categories. Visual perception for objects and faces 9 Object perception task included 25 items, each in an array of three line drawings. The 10 target was accompanied by two pictures from a different view. Participants were asked to 11 match the pictures of the same object. The pictures in each trial were from the same category.
12
Similarly, the face perception test required participants to judge whether two faces from 13 different views were from the same person. Thirty-six items were included in this assessment. 14 All the pictures were black-and-white photographs of male faces.
16
All the above assessments were from our home-made semantic battery but their 17 psychometric properties have been systemically examined (e.g. sensitivity and specificity) 18 among Chinese population. Moreover, they have been widely used in our previous studies 19 about semantic processing on dementia, stroke patients and normal controls 111-113 .
20
Assessments were administered using DMDX 114 in separate sessions in a fixed order to 21 avoid the influence of words to pictures. Each session lasted no more than 2 hours. Rest version was the brief form of the NPI and its psychometric properties have been validated 117 .
10
Because some symptoms included in the NPI were rarely endorsed for this patient group, we 11 only chose six symptoms which occurred frequently. Therefore, symptoms of agitation, 12 depression, anxiety, apathy, disinhibition and irritability were entered into our analyses.
13
Chi-square tests were performed to compare the symptom severity between left and right SD 14 groups. The NPI scores were transformed into negative z scores, so that both the cognitive 15 and behavioural scores ran in the same direction (low scores representing poor performance). The 3D T1 images of all participants were collected through the Siemens 3T scanner. The The atrophy of SD patients 18 Voxel-based analysis 19 Voxel-based comparisons were employed between SD groups and controls (voxel-wise 20 FDR corrected p < 0.05). The voxels remaining in SD vs. controls were binarized as a mask 21 for further voxel-based analyses. Three ROI measures were calculated. The difference between left and right ATL atrophy 9 was generated by comparing the grey matter volumes of left ATL minus right ATL. The 10 sums of ATL regions across hemispheres were used as the total ATL atrophy measure and 11 OFC regions for total OFC atrophy. Independent two-sample t-tests were implemented 12 separately between SD groups vs. normal controls, and left vs. right sided SD patients. In 13 addition, the z-scores of patient's atrophy status across voxels was generated by regularizing 14 their grey matter volumes with respect to the control cohorts. The corresponding z-scores for 15 the three ROI measures were extracted for subsequent analyses. For the initial analyses that The relationship between atrophy and task performance 20 To understand how the laterality of temporal lobe atrophy, the total bilateral temporal or 21 frontal lobe atrophy influenced patients' task performance, we built a series of general linear 22 models, which used the three ROI z-scores as independent variables to predict all eight 1 cognitive task measures and six NPI items.
3
The PCA of task performance 4 To explore the underlying dimensions of variation in the patients' cognitive and 5 behavioural measures, PCA analysis was implemented on the three face semantic, three 6 object semantic, two visual perceptual tasks and six NPI items. Some subjects' data were 7 missed, so we imputed their data to increase our statistical power for our PCA-related 8 analysis. To achieve this, we first used the function 'pca_compsel' of PCA toolbox 9 (http://michem.disat.unimib.it/chm/) to determine the number of optimal factors of our data.
10
Then the missing data were imputed by the function 'ppca' of matlab 11 (https://www.mathworks.com/products/matlab.html). Finally, the imputed data were entered 12 into the PCA by JMP (https://www.jmp.com/en_us/home.html). All the scores were 13 converted to z-scores before PCA. The factors with eigenvalue > 1 were extracted and 14 varimax rotation applied to enhance cognitive interpretability of the principal components.
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The relationship between atrophy and PCA factors 17 
ROI-based Regression 18
To identify the relationship of temporal and frontal lobe status to the PCA factors, the 19 corresponding ROI-based variables were again entered into the regression models using the 20 same method as for the regions models of specific task data (see above). The only exception 21 here was that the dependent task variables were replaced by PCA factor scores. To explore whether other regions beyond the ROIs also associated with the patients' PCA 3 scores, we completed voxel-based correlation analyses between the voxel-based z scores and 4 each PCA factor within the atrophy mask. Due to the wide range of statistical powers, 5 different voxel-wise thresholds were adopted for the factors (voxel p < 0.001, p < 0.01 or p < 6 0.05; cluster size > 50 voxels). 25, 0, -28; anterior superior temporal sulcus: 48, -12, -7) 120 . We transformed these Talarich 14 coordinates into the MNI space and generated 6-mm spheres for all ROIs. Then, we extracted 15 the z scores of these ROIs and correlated them with the face-related PCA scores.
16
To validate the specific role of these right-sided ROIs in face processing (over the left 17 hemisphere homologues), supplementary analyses were conducted to (1) correlate the right 18 ROI z scores with object processing tasks; (2) correlate the left corresponding ROI status 19 with face processing scores; and (3) correlate the right ROI volumes in the control group 20 against face processing performance. 
